The biosynthesis of chloramphenicol requires a β-hydroxylation tailoring reaction of the precursor L-p-aminophenylalanine (L-PAPA). Here, it is shown that this reaction is catalyzed by the enzyme CmlA from an operon containing the genes for biosynthesis of L-PAPA and the nonribosomal peptide synthetase CmlP. EPR, Mössbauer, and optical spectroscopies reveal that CmlA contains an oxo-bridged dinuclear iron cluster, a metal center not previously associated with nonribosomal peptide synthetase chemistry. Single-turnover kinetic studies indicate that CmlA is functional in the diferrous state and that its substrate is L-PAPA covalently bound to CmlP. Analytical studies show that the product is hydroxylated L-PAPA and that O 2 is the oxygen source, demonstrating a monooxygenase reaction.
T he incorporation of nonproteinogenic amino acids is a cornerstone of the structural and functional diversity of natural products, including a wide range of antibiotics and cytostatics (1) . Often, the "bioactivity" of the final synthesized natural product depends upon the action of tailoring enzymes, which may be independent enzymes or modules of a nonribosomal peptide synthetase (NRPS). One commonly encountered modification is the formation of β-hydroxy amino acids. The resulting hydroxylated amino acid is more hydrophilic than its precursor and often participates in secondary reactions (2) , including further oxidation (3), glycosylation (4, 5) , methylation (6) , phosphorylation (7) , and macrolactonization during antibiotic heterocyclization (8) . Many of the nonribosomal peptides that are modified in this fashion are mainstays of the pharmaceutical industry for use as chemotherapeutics and antimicrobial agents, such as the widely used antitumor drug bleomycin and the teicoplanin group of glycopeptide antibiotics (5) . Hence, the elucidation of a unique mechanism for this oxygenation reaction represents a singular opportunity for novel pharmaceutical design and engineering.
Amino acid β-hydroxylation in natural product biosynthetic pathways has been shown to be catalyzed by either nonheme iron-containing alpha-ketoglutarate (αKG)-dependent dioxygenase enzymes (7, 9) or cytochrome P450 monooxygenases (10) . The high C-H bond strength at the β-carbon of the amino acid (∼85 kcal∕mol) necessitates the formation of a potent oxidant, which is accommodated by the formation of activated and highly reactive metal-oxygen adducts by these enzymes, Fe IV -oxo (11) and Fe IV -oxo heme π-cation radical (reviewed in refs. 12 and 13), respectively.
Another class of metallo-oxygenase that has been directly shown to form a high-valent Fe-oxygen species during catalysis utilizes an oxygen-bridged dinuclear iron cluster in the resting active site (14) . The reaction cycle of these enzymes was first studied in methane monooxygenase (MMO) (15) (16) (17) (18) . Based on this known chemistry of the diiron-containing oxygenase class, it is likely that amino acid β-hydroxylation could readily be achieved, but no such activity has been reported. Accordingly, we reexamined the gene sequences of all NRPS-containing pathways known to produce β-hydroxylated amino acids. Many of these pathways were found to contain members of a highly homologous and uncharacterized enzyme family, which are devoid of the primary sequence signatures of either the αKG-dependent or P450 oxygenases. Rather, they contain sequences that are reminiscent of dinuclear metal-binding motifs.
To determine whether this class of enzymes utilizes a dinuclear metal cluster to carry out amino acid β-hydroxylation, the CmlA gene of the previously characterized chloramphenicol biosynthetic pathway was selected for study. CmlA in Streptomyces venezuelae is hypothesized to carry out the key β-hydroxylation of L-p-aminophenylalanine (L-PAPA) tethered on the NRPS CmlP as shown in Fig. 1 (19) . Here we have characterized the CmlA active site metal center using UV/Vis, EPR, and Mössbauer spectroscopies. In addition, transient kinetic and analytical methods have been used to establish the substrate specificity and function of the enzyme. These studies reveal a previously unrecognized class of enzymes for amino acid β-hydroxylation as well as a role and active site architecture for dinuclear iron-containing oxygenases.
Results
Heterologous Expression and Absorption Spectra of CmlA. The chloramphenicol biosynthesis operon of S. venezuelae consists of 11 open reading frames (20) . The putative β-hydroxylase for L-PAPA, CmlA, is located directly upstream of the NRPS CmlP. The cloning, heterologous expression, and purification of CmlA are described in detail in Materials and Methods and resulted in a high yield of enzyme. Following one-step metal affinity chromatography, SDS-PAGE of the purified enzyme showed the presence of a single polypeptide with a mass similar to that predicted by its primary sequence (∼60 kDa) (Fig. S1 ). Inductively coupled plasma emission mass spectrometry (ICP) showed that iron is the only metal present in the enzyme in more than trace amounts. The stoichiometry of protein to iron is 1∶2.06 AE 0.04 irrespective of the metal content of the growth medium (Table S1 ).
The absorption spectrum of CmlA reveals a broad feature between 300 and 340 nm (ε ∼ 3.5 mM −1 cm −1 ) ( Fig. 2A , dashed trace and Inset). This spectrum rules out the possibility that CmlA is a heme-containing P450 monooxygenase. Absorption features of this type are typical of oxygen-bridged dinuclear nonheme iron systems and are attributable to an oxo-to-Fe III charge transfer transition (21) . The addition of 2 M buffered sodium azide to the enzyme results in the formation of a chromophore with broad absorption bands at 345 and 450 nm (Fig 2A, solid trace) , as observed for azide-complexes of numerous other proteins containing oxo-bridged diiron clusters, including ribonucleotide reductase (RNR), stearoyl-ACP desaturase (Δ9D) (21) , and hemerythrin (22) .
Anaerobic reductive titration of the resting enzyme using sodium dithionite (Fig. 2B ) in the presence of methyl viologen as a mediator shows that two reducing equivalents are required to fully reduce the enzyme and bleach the 340 nm charge transfer band. This agrees with the quantification of metals bound to the enzyme. Moreover, it is characteristic of an oxygen-bridged diiron cluster, as opposed to a sulfur-bridged diiron cluster or a P450 system, which could accept only one electron, or the mononuclear Fe II of an αKG-linked system, which could accept none.
Mössbauer and EPR Studies of the CmlA Enzyme. Mössbauer and EPR studies provide an unambiguous demonstration of the presence of an oxo-bridged diiron cluster in CmlA. Fig. 3A shows 4.2 K Mössbauer spectra of oxidized (trace 1,2) and dithionitereduced (trace 3) 57 Fe-enriched CmlA. The spectrum of the oxidized sample taken in the absence of an external magnetic field (Fig. 3A, spectrum 1) consists of a doublet with quadrupole splitting, ΔE Q ≈ 1.4 mm∕s, and isomer shift, δ ¼ 0.51 mm∕s characteristic of high-spin (S ¼ 5∕2) Fe III . The B ¼ 8.0 T spectrum of Fig. 3A , spectrum 2 can be simulated well (solid line) by assuming that the magnetic splittings can be solely attributed to the applied field B (i.e. the spectrum lacks paramagnetic hyperfine structure), and thus it reflects a system with ground state spin S ¼ 0. Upon reduction (Fig. 3A, spectrum 3 ), all iron in the sample is transformed into species with isomer shift, δ ≈ 1.26 mm∕s, a shift characteristic of high-spin (S ¼ 2) Fe II . When considered together with the iron stoichiometry and titration data presented above, these data show that oxidized CmlA contains a metal center comprising two high-spin Fe III sites antiferromagnetically coupled to yield a cluster ground state with spin S ¼ 0.
We (23) and others (24) have demonstrated that one can determine the exchange coupling constant, J, of diiron(III) centers by studying spectra in applied magnetic fields at variable temperature (The spectra are quite sensitive to J provided J < 90 cm −1 .) A fit to an 8.0 T spectrum taken at 80 K (shown and analyzed in Fig. S2 ) suggests that J > 90 cm −1 (convention H ¼ JS 1 • S 2 ). The value of J suggests that the diiron center of CmlA is oxo-bridged (J ¼ 180-260 cm −1 (21) rather than a hydroxo-bridged [J < 20 cm −1 (25) ], which is in accord with the relatively intense optical spectrum of the diferric enzyme. The best fits to the dataset of oxidized CmlA were obtained by allowing two cluster sites in a 1∶1 ratio with slightly different ΔE Q -values ( Table 1) .
The shape of the fully reduced CmlA spectrum, Fig. 3A (trace 3), is best described by a superposition of two similar doublets in a 1∶1 ratio with high-energy lines that perfectly overlap at 2.66 mm∕s. The parameters listed in Table 1 are typical of high- (1) is a spectral simulation for two (similar) doublets with ΔE Q and δ values given in Table 1 . The solid line in (2) is a spectral simulation assuming that the ground state spin of the diiron center has S ¼ 0; sign (ΔE Q ) and η values obtained are listed in Table 1 . The oxidized protein contains a minor mononuclear Fe III contaminant. The solid line in (3) is a simulation for two doublets (1∶1 intensity ratio) having the ΔE Q values of Table 1 . (B) EPR spectra of CmlA in oxidized as isolated (1), partially reduced mixed-valent (2) and fully reduced (3) oxidation states. The EPR measurement conditions are given in SI Materials and Methods. The small signals near g ¼ 4.3 and 2 are due to adventitious iron and mediator dyes, respectively. spin Fe II with octahedral N/O coordination. In this respect, the CmlA center is quite similar to those observed for other diiron proteins, especially those rich in oxygen ligands (δ > 1.2 mm∕s) such as MMO and toluene 4-monooxygenase (T4MO). The site with ΔE Q ¼ 2.90 mm∕s has a distinctly smaller δ value, suggesting that it has one more nitrogen ligand (probably histidine) than the other site. We have studied and analyzed Mössbauer spectra of reduced CmlA between 2 and 120 K in applied magnetic fields up to 8.0 T. Analysis shows that the two ferrous sites are antiferromagnetically coupled, with J ≈ 12 cm −1 . For this J-value, the exchange coupling is of the same magnitude as the zero-field splittings of the two iron sites, resulting in a ground state of mixed-spin of predominantly S ¼ 0 character. Our simulations indicate that reduced CmlA should not exhibit a parallel mode EPR signal at X-band [as observed for diferrous MMO, for example (26)], and indeed we have not observed such a signal. The observation of high-spin Fe II upon reduction is in accord with the interpretation that CmlA contains a diiron center, ruling out an interpretation that the diamagnetic species observed in the as-isolated protein is due to a low-spin (S ¼ 0) Fe II site(s).
The as-isolated Fe III Fe III state of CmlA is EPR silent (Fig. 3B , top spectrum) as expected from the Mössbauer spectra (Fig. 3A,  spectrum 1 ). The addition of a substoichiometric amount of reductant to CmlA, in the presence of the mediator phenazine methosulfate, yields an S ¼ 1∕2 EPR signal with g-values of 1.95, 1.80, and 1.75 (Fig. 3B, spectrum 2 ). This type of rhombic signal, with all g-values <2 is a distinguishing feature of the Fe III Fe II mixed-valent state of diiron cluster-containing proteins with O/N ligand donors; e.g. MMO, (25, 27) . It arises from the S ¼ 1∕2 ground state of an antiferromagnetically coupled pair of high-spin Fe III (S ¼ 5∕2) and Fe II (S ¼ 2) ions. The signal from CmlA maximized during titration at ∼0.35 spins∕2Fe. The reduction of CmlA with excess sodium dithionite in the presence of methyl viologen resulted in a state in which CmlA was EPR-silent as monitored in either perpendicular or parallel mode EPR (Fig. 3B, spectrum 3) . The behavior monitored with EPR suggests that the two redox couples in the series Fe III Fe III → Fe III Fe II → Fe II Fe II are approximately equal. The exchange coupling in the EPR active, partially reduced state of CmlA was quantified by determining the power saturation dependence of the g < 2 signal as a function of temperature. The signal intensity obeyed typical Curie law dependence, showing that it arises from the electronic ground state (Fig. S3) . When the data were analyzed as described in SI Materials and Methods, the antiferromagnetic exchange coupling constant was determined to be J ¼ 22 cm −1 , a value suggesting that the oxo bridge of the diferric cluster is protonated to form a hydroxo bridge between the two Fe sites in the mixed-valent cluster. This serves to maintain a constant net charge. The EPR parameters of mixedvalent CmlA are shown to be similar to those of other diiron enzymes with hydroxo-bridged clusters in Table S2 .
Stopped-Flow Kinetic Studies and Product Determination. The substrate for antibiotic tailoring enzymes such as CmlA in NRPS pathways may be either the free amino acid or the amino acid after adenylation and subsequent covalent attachment on the thiolation (T) domain of the NRPS as a thioester. Important clues as to the substrate for CmlA derived from studies of the kinetic parameters of ATP pyrophosphate exchange by the NRPS CmlP with various amino acids by Walsh and coworkers (19) . It was shown that among the amino acids tested, the highest rate of adenylation (A) domain exchange activity occurred with L-PAPA. This finding agreeds with in vivo isotope labeling experiments by Vining and coworkers that demonstrated L-PAPA as the specific amino acid precursor in chloramphenicol maturation (28, 29) .
To directly elucidate the substrate specificity of CmlA, transient kinetic experiments were pursued in concert with product identification by HPLC/MS. Oxygen activation in oxygenase reactions requires a source of electrons (e.g., NADH), and often, additional reductase and electron transfer components. Examination of the sequenced chloramphenicol biosynthesis operon (20) failed to reveal the presence of a redox partner for the CmlA enzyme. Consequently, single turnover experiments utilizing chemically reduced CmlA were pursued to establish the reaction catalyzed by the enzyme.
Mixing reduced diferrous CmlA with buffer containing saturating O 2 resulted in exceedingly slow oxidation of the diferrous cluster (k ¼ 0.004 s −1 at 4°C), (Fig. 4A , bottom trace and Inset), which was well approximated by a single exponential kinetic phase. The slow rate of iron oxidation was unperturbed upon mixing with free-amino acids, including L-PAPA and p-nitro-phenylalanine. No metabolites deriving from these potential substrates were detected in HPLC studies of the reaction products (Fig. 4B,  top trace) . These findings for small molecule substrates suggest the possibility that CmlA specifically hydroxylates L-PAPA only after loading onto the NRPS T domain.
The CmlP NRPS was cloned, and heterologously coexpressed with a broad specificity phosphopanthetheine transferase (SfP) from Bacillus subtilis (30), and purified (Fig. S1) . Loading of L-PAPA onto the T domain was accomplished as described earlier (19) . When using a two-fold excess of the L-PAPA-loaded CmlP as the substrate, the rate constant for oxidation of diferrous CmlA increased more than 1,000-fold (k ∼ 12 s −1 ), indicating that this is likely to be the natural substrate (Fig. 4A, top trace) . A similar degree of activation was not observed in stopped-flow studies with apoCmlP (not phosphopantetheinylated) or with holoCmlP in which L-PAPA was not covalently attached, indicating that the enhanced oxidation was not simply due to a structural rearrangement elicited upon binding of diferrous CmlA to the NRPS itself.
Chemical studies were pursued to determine the product of the CmlA-CmlP-L-PAPA reaction. Detection of the NRPS-linked amino acids and oxidation products was facilitated by the heterologous expression of a truncated construct of CmlP, consisting of only the A and T modules of the NRPS (CmlP AT ). The ability of the CmlP AT construct to be phosphopantetheinylated and catalyze adenylation and successive aminoacyl transfer of L-PAPA to the T domain was verified by electrospray mass spectral analysis of the protein (Fig. S4) , which showed the expected mass changes upon phosphopantetheinylation (þ340 Da) and L-PAPA aminoacyl transfer (þ164 Da), respectively (Fig. S4) .
Reaction of reduced CmlA with L-PAPA-CmlP AT following by base-catalyzed release of the tethered amino acid and separation by HPLC showed a significant conversion (>90%) of L-PAPA to a polar aromatic reaction product with a shorter retention time (compare Fig. 4B , top and bottom traces). This product was not observed upon addition of the diferric (as isolated) enzyme, establishing that the enzyme is active in the diferrous form. MS experiments revealed that the product has an m∕z 16 amu larger than L-PAPA, consistent with a single hydroxylation at the β-position to form p-aminophenylserine (L-PAPS). When the reaction was conducted in an 18 O 2 atmosphere, all of the product was m∕z 18 amu larger than L-PAPA (Fig. 4B , compare bottom two traces) confirming that the CmlA enzyme utilizes a monooxygenation mechanism, and that oxygen is derived from O 2 rather than water.
Discussion
The metal quantification and spectroscopic studies described here show that CmlA as isolated contains a spin-coupled, oxo-bridged diiron cluster and specifically rule out other types of metal centers commonly found in oxygenases. It is evident from single-turnover kinetic studies that the enzyme is functional in the diferrous state and that its substrate is L-PAPA covalently bound to the peptidyl carrier T module of the NRPS CmlP. Characterization of the product from this reaction shows that one oxygen atom is incorporated exclusively from O 2 , demonstrating that CmlA is a monooxygenase. Together these studies show that a diiron monooxygenase is functional in an NRPS antibiotic assembly line, establishing a unique paradigm for tailoring reactions in these fascinating and often complex pathways. These and other aspects of this newly recognized enzyme class are discussed in the following sections.
The identification of CmlA as a catalytically distinct diiron monooxygenase prompted the search for homologous enzymes involved in a similar function. A BLAST query of bacterial genomic sequences revealed at least 40 highly conserved genes with >40% identity to CmlA, including a number in known antibiotic biosynthesis pathways in which a β-hydroxyamino acid is formed. These include the biosynthetic gene clusters for the glycopeptide antibiotics A40926 (31), A47934 (5), the teicoplanin family of antibiotics (32, 33) , and bleomycin (34) .
Analysis of the primary sequence of CmlA and its homologs reveals the presence of two domains, although in some homologs a thioester reductase (which may take the place of the Cmlp reductase domain in the chloramphenicol operon) is additionally fused at the C-terminus (Fig. 5A) . Otherwise, the 530 amino acid region homologous to the sequence of CmlA can be divided into two halves of roughly equal size. The N-terminal domain does not show significant similarity to any known enzyme structure. However, the C-terminal closely resembles the metallo β-lactamase family of enzymes. The overall αββα fold of metallo-β−lactamases represents a significant structural departure from the 4-α-helix bundle core structure that has been found for all oxygenases with diiron clusters in previous studies (18) with the possible exception of human deoxyhypusine hydroxylase, which may use a series of α-hairpin turns to support the cluster (35) .
The metallo-lactamase motif provides a convenient structural framework for the binding of a dinuclear center, utilizing a His-X-His-X-Asp-His consensus sequence, which is also present in CmlA. Whereas the site typically comprises two zinc ions, minor variations in this site (and downstream residues) can affect metal binding specificity and support the binding of an Fe∶Zn heteronuclear cluster or a diiron cluster (reviewed in ref. 36 ). These subtle variations result in a wide variety of reactions, including hydrolysis, dioxygen reduction, and NO reduction. However, these enzymes are not known to catalyze substrate hydroxylation or to generate high-valent reactive oxygen species. The class of antibiotic biosynthesis diiron enzymes, typified by CmlA, therefore, represents functional and evolutionary expansion of the lactamase folding motif to include enzymes capable of dioxygen activation and subsequent monooxygenation chemistry.
A sequence alignment of the putative metal-binding site of CmlA and homologs is presented in Table 2 and compared to other members of the metallo-lactamase family. Whereas the high-degree of sequence conservation precludes the unambiguous assignment of metal-binding residues (a full sequence alignment of this region is presented in Fig. S5) , it is likely that the metallo-lactamase signature sequence metal ligands also form the basic framework for the CmlA diiron site. The other three ligands of the metallo-lactamase cluster, His, Cys/Ser, His, are found downstream in the sequence at intervals of ∼60, ∼20, and ∼40 residues, respectively. In the case of the CmlA family, there are completely conserved Asp and Glu residues in the sequence at approximately the correct spacing. These additional carboxylate ligands would be consistent with the spectroscopic studies reported here and with the ligand environments of the known diiron cluster-containing oxygenases. Accordingly, the Mössbauer spectrum of reduced CmlA more closely resembles those of Δ9D, MMO, and RNR (1 N and 3-5 O ligands per iron) with a similar isomer shift δ ≥ 1.24 (21, 25, 37) . Diferrous enzymes with more nitrogen ligands such as hemerythrin (2 N and 3 O ligands per iron, δ ¼ 1.14 mm∕s) and AlkB (4 N ligands per iron, δ ¼ 1.05-1.15 mm∕s) produce substantially smaller isomer shift values (38, 39) . Based on the conserved sequence motif of CmlA homologs and these spectroscopic parameters, a model for the dinuclear iron site is presented in Fig. 5B . Structural and mutagenesis studies will be required to confirm this tentative assignment. However, the more oxygen rich environment seems to play a role in promoting oxygen activation rather than hydrolysis or oxygen reduction chemistry.
There is no clear chemical rationale for utilizing a diiron cluster for β-hydroxyamino acid formation, rather than mononuclear Fe II of αKG-linked oxygenases or heme of P450s. Each of these metal centers is capable of producing the required metal-oxygen adducts with sufficient oxidizing potential to oxidize the ∼85 kcal∕mol Cβ bond of L-amino acids. The reactive species for each of these families of enzymes has been shown to containing an Fe(IV)-oxo or Fe(IV)-μ-oxo moiety (11-13, 17, 18) . Thus, it is likely that the diiron cluster of CmlA also forms such a species. Direct evidence for this species might be obtained from transient kinetic studies or the observation of partial solvent exchange once the O-O bond of O 2 is broken. Neither approach has yet revealed evidence for a high-valent intermediate. This is not surprising because the only spectroscopically characterized dinuclear Fe IV species [MMO compound Q (15, 17, 18) ] has only been observed in the unique, completely sequestered, active site of that enzyme. Moreover, no exchange with solvent oxygen is observed, presumably due to solvent exclusion or short lifetime of the intermediate, or both (40, 41) .
The stopped-flow and single-turnover studies show that CmlA requires the binding of the amino acid to the phosphopantetheine arm of the peptidyl carrier protein (PCP) domain and that this is both necessary and sufficient for the initiation of catalysis. A similar scenario is observed in diiron cluster-containing desaturases, in which the stearoyl substrate linked to the ACP carrier protein is an absolute requirement for catalysis (42) . Another particularly relevant example is found in the αKG-dependent halogenases associated with NRPS pathways (43) . Thus, these ternary protein-protein-substrate interactions appear to be very important in regulating oxygen reactivity in tailoring enzymes, presumably to ensure high specificity.
Catalysis is envisioned to involve a set of intermediates similar to those characterized in MMO (Fig. 5C) (15, 17, 18) . Dioxygen is proposed to initially bind to the diferrous cluster to form a peroxodiferric intermediate, followed by O-O bond heterolysis to afford a high-valent intermediate (similar to the bis-μ-oxobridged dinuclear Fe IV cluster of MMO compound Q). Previous studies of MMO show that this species would be capable of abstracting a hydrogen atom from Cβ of L-PAPA to form a substrate radical and a formal hydroxyl radical bound in the cluster. Subsequent hydroxyl radical rebound would form the T-domaintethered L-PAPS.
In summary, we report a previously unrecognized and widely distributed family of monooxygenases that employ a unique mechanism for antibiotic tailoring. This expands the repertoire of diiron monooxygenases into natural product biosynthesis pathways. The family utilizes a protein fold not previously encountered in oxygen activating enzymes, offering the opportunity to investigate fundamental aspects of monooxygenase chemistry in a different protein environment. The present results may also lead to methods to recognize similar reactions in other antibiotic biosynthetic pathways and to design novel therapeutics.
Materials and Methods
Cloning and Enzyme Preparation. The procedures for cloning, expression, and mutagenesis of the cmlA and cmlP genes are described in the SI Text along with the procedures for purification of CmlA and CmlP in native and posttranslationally modified forms.
Spectroscopy. The procedures for optical, Mössbauer, and EPR spectroscopies of CmlA are described in the SI Text.
Stopped-Flow Kinetics. Stopped-flow experiments were performed using an Applied Photophysics Ltd. SX.18.MV stopped-flow spectrophotometer. 100 μM CmlA was made anaerobic and reduced with one equivalent of Na 2 S 2 O 4 and 0.5 equivalents methyl viologen before loading into a stopped-flow syringe. Reduced CmlA was rapidly mixed with an equimolar amount of either L-PAPA or L-PAPA-loaded CmlP equilibrated with O 2 saturated buffer. The rate of oxidation of CmlA at 340 nm was fit to a single exponential kinetic process using Pro-K software (Applied Photophysics).
Single-Turnover Experiments and Product Determination. L-PAPA-loaded CmlP AT and CmlA (400 μM each) were made anaerobic in a sealed 500 μL reaction volume. The CmlA was reduced with equimolar Na 2 S 2 O 4 and 0.5 equivalents methyl viologen. Then, 1 mL of O 2 ðgÞ ( 16 O 2 or 97% isotopically enriched 18 O 2 ) was added and the sample was allowed to react for 10 min. Samples were immediately quenched with 70% trichloroacetic acid to a final concentration of 10% and incubated on ice. The precipitated protein was collected at 16,000 rpm at 4°C and the supernatant discarded. Protein pellets were washed twice with diethyl ether:ethanol (3∶1), and once with diethyl ether. The pellet was dried at 37°C for 10 min and stored at −20°C. Thioester cleavage was performed by dissolving the pellets with 500 μL 0.2 M potassium hydroxide for 15 min at 70°C while stirring. The dissolved fraction was evacuated to dryness and the amino acid pellet dissolved in a minimal volume of H 2 O prior to LC-MS analysis. LC-MS analysis was performed on a Hewlett Packard 1100LC using a Waters HILIC silica column (2.1 × 150 mm × 3 μm) with an isocratic elution of acetonitrile:100 mM ammonium formate (87∶13) in 0.1% formic acid at a flow rate of 0.25 mL∕ min. Mass monitoring was performed using a Bruker Microtof orthogonal quadrupole time of flight mass spectrometer scanning from 50 to 1000 m∕z.
